is paper presents a triband operation enhancement based on multimode analytics of a monopole antenna designed by combining a rhombic ring radiator with a strip on a top layer and a fractal ring resonator placed at the bottom layer. e proposed antenna can achieve triband operation to support the modern wireless communication systems. e antenna size is approximately 36 × 52 mm 2 , which is quite compacted compared with the revised antenna. e simulation and measurement results are in good agreement. e antenna covers the operating bands at 22.22%, 9.8%, and 31.27% at the resonant frequencies of 1.8 GHz, 2.45 GHz, and 3.71 GHz, respectively, to support the application bands of LTE 1800, WLAN IEEE802.11b/g, WiMAX, and IMT Advanced Systems (5G). e average gain of the antenna is about 2 dBi. Also, the radiation patterns are omnidirectional for all operating frequencies.
Introduction
Rapid growth of wireless data communication is the main reason for consumer Internet access demand. Recently, most people do not have only one wireless mobile device accessing the Internet. To save costs and battery energy for the Internet connection, mobile hotspot [1] is a solution allowing many wireless devices to connect to it. Since multiple frequency operation is the main function of the mobile hotspot, a multiband antenna as an important part of a front-end mobile hotspot should be desirable. e literature review shows that multiband antennas can be categorized into two types: wideband antennas with notch frequency [2] [3] [4] [5] [6] [7] and multiband antennas with multiple resonators [8] [9] [10] [11] [12] [13] [14] . In [2] , the wideband antenna with notch frequency composed of a swallowtail patch, trapezoid ground, and three split ring resonators was proposed. e triple band notch was generated by the three split ring resonators placed on the radiation patch. Also, a capacitance compensation was added at the backside of the patch to improve impedance bandwidth. In [3] , a dual-band antenna has been created using a novel planar printed dipole. e antenna consists of a bow-tie patch and a semicircular loop operating as electric and magnetic dipoles, respectively. A pair of capacitive-loaded loop slots was etched on the bowtie patch to introduce a notched band performing the dualband operation. A wideband antenna with multiple notches was proposed in [4] . e antenna was designed as a circular patch that works like a radiator and the systematic defection slots in coplanar ground obtaining multiple notch frequencies. Also, a wideband antenna with a notch using a quarter wavelength strip has been proposed in [5] . e antenna radiator was etched by a milling machine to create the strip acting as a nonradiating load at the suppression frequency, resulting in a notched frequency occurrence. In [6] , a wideband slot antenna with dual notched frequency has been proposed. It consists of two pairs of narrow slits in the ground plane for the dual-band frequency rejection. A wideband antenna based on a rectangular stepped slot has been proposed in [7] . Two C-shaped resonators were placed adjacent to the transmission line to produce a notch frequency. e disadvantage of the antennas in [2] [3] [4] [5] [6] [7] is that the operating frequency bands could not be independently controlled and the antenna radiation patterns were unusual due to the higher-order radiating modes of the antenna. en, a multiband monopole antenna with two inverted L slots has been proposed to achieve triple operating frequency bands in [8] . e antenna was fed by a coplanar waveguide (CPW). e substrate rectangles were cut off at two corners to improve impedance bandwidth and matching. However, it did not cover the global frequency band of WiMAX applications. Also, a novel multiband antenna using a Kapton polyimide flexible substrate fed by a CPW has been proposed in [9] . e antenna includes multitriangular radiators and a circular-shaped ground plane, resulting in the multiple resonance frequencies depending on each radiator's triangular height. e disadvantage of this antenna is the difficulty to obtain a highquality antenna because the conductor created by inkjetprinting is of anisotropic material. In [10] , a penta-band slot dipole antenna has been proposed. e antenna is created by etching the comb-like slots on metal sheets. Each slot can independently control a resonant frequency of the antenna; however, the antenna has a large dimension. Also, a bow-tie monopole antenna was proposed in [11] . e antenna is constructed by etching slots of different lengths in a bow-tie to achieve the multiband operation. In [12] , a dual-band monopole antenna has been proposed. e dual-band operation is generated by a monopole radiator and embedded slots with rectangular patches. In [11, 12] , the resonant frequencies could be independently controlled, but the antenna dimensions are still large. Likewise, a multiband antenna with an L-shaped parasitic strip has been proposed in [13] . e antenna comprises of a planar inverted L-shaped radiator and an L-shaped parasitic strip. e first and third resonant frequencies were generated by the radiator as the placing of the parasitic strip on the radiator's back creates the second resonant frequency and improves the impedance bandwidth of the antenna. However, the radiation patterns of the antenna are distorted due to the asymmetrical structure of the antenna. In [14] , a monopole antenna has been modified to a fork-shaped structure producing dualfrequency bands. By adding an L-shaped parasitic strip on the opposite substrate layer, the antenna achieves triple frequency bands and improved impedance matching. However, antenna production is very complicated because it has more than one parasitic strip on the bottom layer of the antenna. It can be concluded that the multiband antennas with multiple resonators in [8] [9] [10] [11] [12] [13] [14] can independently control the resonant frequencies which is usually caused by the patterns radiated by the fundamental mode of the antenna.
In this paper, a rhombic ring monopole antenna with strip and a ring resonator in [15] is modified and presented to generate the operating frequency bands of LTE 1800 (Long Term Evolution) 1710-1880 MHz, WLAN IEEE802.11b/g (Wireless Local Area Network) 2400-2484 MHz, WiMAX (Worldwide Interoperability for Microwave Access) 3.3-3.8 GHz, and IMT Advanced Systems (5G) 3.3-4.2 GHz. Especially, the ring resonator is modified by applying the Koch fractal model, resulting in the physical length reduction as reviewed in [16] [17] [18] [19] . Fractal geometry has been proven to be useful to design an antenna such as multiband and achieve miniaturization. Also, the presented antenna will be developed and enhanced with triband operations based on the multimode analytics in a limited dimension supporting the required operating frequency bands.
e parameter values of the presented antenna were determined and optimized by using the CST software. e function of a prototype of the presented antenna has been confirmed by measurement. e organization of this paper is the following. In Section 2, the design of the presented antenna is given and described in detail. e function of the antenna is verified by multimode and surface current distribution analysis. Simulation and experiment results of the antenna will be analyzed in Section 3. Finally, the conclusions of the presented antenna are discussed in Section 4. Figure 1 (a) shows the configuration of the antenna presented in this paper. It is designed on an FR-4 substrate with a relative permittivity (ε r ) of 4.2, thickness (h) of 1.6 mm, and loss tangent (tan δ) of 0.019. e proposed antenna composes of a rhombic ring radiator, a strip, and a fractal ring resonator. Typically, the rhombic ring radiator on the top layer is created to support the 1.8 GHz frequency band. To radiate the electromagnetic wave at the frequency band of 3.5 GHz, the rhombic ring radiator is modified by adding a strip monopole antenna inside the radiator. Moreover, a fractal ring resonator, which is created by generating the first iteration of the Koch fractal model [20] , Figure 1 (b), on all sides of a rectangular ring resonator, is placed near the position of the strip on the bottom layer for resonating the frequency at 2.45 GHz and improving the impedance bandwidth at 3.5 GHz. As shown in Figure 1 (a), the proposed antenna is fed by the 50 Ω microstrip line (W t � 3 mm) with SMA connector. e optimal parameter values for designing the proposed antenna are summarized in Table 1 .
Antenna Design

Mode Analysis.
Typically, a rhombic ring monopole antenna can be created simply as shown in Figure 2 (a). e length of the monopole antenna is designed on the fundamental resonant frequency at 1.8 GHz, which can be estimated with a quarter effective wavelengths by
where L r is the length of each side of the rhombic ring. As the antenna is excited by the 50 Ω microstrip line, it generates dual modes and dual-frequency resonances as illustrated by the reflection coefficients in Figure 2 As the surface current distributions ow along the rhombic ring, it has been seen that one null node exists at 1.88 GHz and three null nodes occurred at 4.4 GHz, resulting in the rhombic ring resonating at the rst and third modes, respectively. Also, the rhombic ring operates at the odd mode being the radiating mode, while the even mode of the rhombic ring is the nonradiating mode. Since the frequency band of 4.4 GHz cannot cover the application requirement of IMT Advanced Systems (5G) 3.3-4.2 GHz, the antenna was redesigned by adding a strip inside the rhombic ring to resonate at 3.5 GHz to cover the application requirements. Before adding the strip inside the rhombic ring, the mechanism of the strip must be veri ed by mode analysis. As shown in Figure 3 (a), a strip monopole antenna with a quarter e ective wavelength resonating at the frequency of 3.5 GHz can be calculated by
where L s is the length of strip line. As the antenna was excited, the antenna resonated at 3.8 GHz as depicted by the re ection coe cient in Figure 3 (b). e current distribution at 3.8 GHz is shown in Figure 3 (c). It was found that no null node exists on the antenna. us, the radiating mode of the strip is the rst mode or odd mode at 3.8 GHz while the even mode is the nonradiating mode. When the strip added within the rhombic ring is excited by the feed line as shown in Figure 4 (a), resonances occur at 1.8 GHz and 3.9 GHz. Especially, the resonant frequency of 1.8 GHz is generated by the rst resonant mode of the rhombic ring while the resonant frequency 3.9 GHz is created by combining the third resonant mode of the rhombic ring and the rst resonant mode of the strip, resulting from the coupling e ect between the rhombic ring and the strip. Also, the rhombic ring monopole with strip can cover the operating frequency bands of the LTE 1800, WiMAX, and IMT Advanced Systems (5G). To improve the frequency band of the rhombic ring monopole antenna with strip and add support of WLAN, a resonator operating at 2.45 GHz should be added on the backside of the antenna. e length of a fractal ring resonator operating at 2.45 GHz can be approximated by
where W k and L k are the lengths of the fractal ring resonator. e mechanism of a fractal ring resonator has been investigated in Figure 5 . When the con guration of the fractal ring resonator is excited independently as shown in Figure 5 (a), it generates the rst resonant frequency of 3 GHz as depicted in Figure 5 (b). Current distribution along the resonator at 3 GHz is shown in Figure 5 (c) reveals that there are two null nodes in it, resulting in the resonator radiating in the second mode or even mode. Accordingly, the electrical length of the antenna is about λ g . As shown in Figure 6 , the antenna resonates at 1.8 GHz, 2.45 GHz, 3.24 GHz, and 4.04 GHz supporting the frequency bands of 1.65-1.96 GHz, 2.36-2.56 GHz, and 3.1-4.2 GHz, respectively, at |S 11 | level < − 10 dB. Particularly, the resonant of 3.24 GHz and 4.04 GHz occurred by splitting o between the rst and third modes of the strip and the rhombic ring radiator at the previous resonant frequency of 3.9 GHz, respectively, due to the coupling e ect between the fractal ring resonator and the rhombic ring with the strip. International Journal of Antennas and Propagation 3
Top layer
To study the effect of the geometric parameters of the proposed antenna, the parameters of L r , W k , and L s are investigated further. e effect of a varying parameter L r on the reflection coefficient of the antenna is shown in Figure 7 parameters increase, which is caused by the extended electrical length of the rhombic ring monopole antenna according to the rst and third radiating modes of the rhombic ring antenna. Nevertheless, the impedance matching of the antenna is degenerated at 3.24 GHz due to the coupling e ect between the rhombic ring and the strip line. e frequency responses of the antenna with an increasing parameter W k are depicted in Figure 7 (b). It has been seen that the frequency of 2.45 GHz shifts to a lower frequency due to the expanded electrical length of the fractal ring resonator, while the impedance bandwidth and matching at the third frequency band is changed because the extending length of the resonator disturbs the coupling e ect between the rhombic ring and strip. As shown in Figure 7(c) , when varying the parameter L s , the resonant frequency of 3.24 GHz is shifted to a lower frequency resulting from the increase of the electrical length of the strip. However, the International Journal of Antennas and Propagation parameters of L r , W k , and L s can be optimized by the simulation software for improving the impedance bandwidth and matching of the presented antenna. en, the surface current distributions of the optimized antenna will be shown and discussed in detail further on.
Surface Current Distribution.
To investigate the mechanism of the proposed antenna, the surface current distributions on the rhombic ring radiator, strip, and the fractal ring resonator are discussed. As mentioned in the previous subsection, the proposed antenna can achieve multiple resonant frequencies of 1.8 GHz, 2.45 GHz, 3.24, and 4.04 GHz. erefore, various surface current distributions based on the resonant frequencies of re ection coe cients on the antenna are carried out by the simulation software. Figure 8(a) shows the surface current distribution on the proposed antenna at 1.8 GHz. Since the height of the rhombic ring radiator is approximately at quarter e ective wavelength (0.28λ g ), the major current distribution occurs on the edge of the rhombic ring radiator. It has been indicated that the current ows up to the highest position of the rhombic ring radiator and has a null node on it. Meanwhile, the current distributions on the strip and the fractal ring resonator are minor. en, it can be neglect because the rst radiating mode of the strip is not at the frequency of 1.8 GHz and also the fractal ring resonator cannot radiate the electromagnetic wave in the rst mode. Consequently, the rhombic ring radiator can radiate the wave at 1.8 GHz independently and does not disturb the nonradiating mode of the strip and the fractal ring resonator. At the frequency of 2.45 GHz, the surface current distribution is studied as shown in Figure 8 (b). It has been shown that major current distributions exist on the strip and the fractal ring resonator, while the current distribution on the rhombic ring radiator is neglectable. As a result, it has been seen that the rhombic ring radiator cannot propagate the electromagnetic wave due to the radiator working in a state of nonradiating mode at this frequency. Although the major current passes along on the strip, it cannot propagate the wave because the first radiating mode of the strip is not at this frequency. erefore, the strip acts as feed line coupling the electromagnetic field to the fractal ring resonator. en, the fractal ring resonator is excited by the feed strip and mainly propagates the electromagnetic wave in a state of radiating mode at 2.45 GHz. Also, the resonator has two null nodes due to its resonance at the second mode and the electrical wavelength on the fractal ring resonator is about 1.15λ g according to the major current distribution on it. e current distribution at 3.24 GHz is depicted in Figure 8(c) . e result reveals a minor current flow through the rhombic ring radiator and the fractal ring resonator while the major current exists on the strip. As a result, the rhombic ring and fractal ring resonator behave as a load to improve impedance matching and bandwidth when in a state of nonradiating mode at 3.24 GHz. Conversely, the strip operates at the radiating mode at 3.24 GHz and there is no null node on the strip. As a result, the strip operates in the first mode. Moreover, the electrical wavelength on the strip is approximately 0.25λ g corresponding to the major current distribution on it.
As illustrated in Figure 8(d) , at 4.04 GHz, it can be found that the major current distribution appears on the rhombic ring radiator with three null nodes and minor current distributions exist on the strip and the fractal ring resonator. e rhombic ring operating in the third radiating mode is the main radiator to propagate the electromagnetic wave at 4.04 GHz. Hence, the strip and the fractal resonator performing in the state of nonradiating mode cannot propagate the wave.
As verified by the surface current distribution analysis on the proposed antenna, it can be concluded that the antenna supports multiple resonant frequencies with the multimode. At the first resonant frequency, the rhombic ring radiator operates in the odd radiating mode (the first mode). Also, the fractal ring resonator radiates in the even radiating mode (the second mode) at the second resonant frequency. e third resonant frequency is created next by the first mode of the strip. Finally, the fourth resonant frequency is generated International Journal of Antennas and Propagation by the third mode of the rhombic ring radiator, which is the odd radiating mode.
Simulation and Experiment
e proposed antenna is then fabricated by mechanical etching and is shown in Figure 9 . e optimal parameters are shown in Table 1 . In the experiment, the antenna re ection coe cients were measured by the Rohde & Schwarz ZVB20 VNA. e results shown in Figures 6 and 10 indicate that the operating frequency bands and impedance matching are depended on the electromagnetic coupling e ect between the rhombic ring with strip and the Koch fractal ring resonator. Also, the simulated and measured results of antenna agree well. However, the simulated and measured results are slightly di erent in the third operating frequency band due to a faulty placement of the rhombic ring radiator on the top layer and the Koch fractal ring resonator on the bottom layer of the antenna. e simulated and measured gains are illustrated in Figure 11 . In the rst operating frequency band, the average measured gain is approximately 2 dBi and about 2.5 dBi in the second and third operating frequency band. While the maximum gain of 4.35 dBi is approached at the higher frequency band of 4 GHz, it has been found that the maximum gain is produced by combining the electromagnetic elds between the third mode of the rhombic ring radiator and the rst mode of the strip. A good agreement of antenna gain is achieved between the simulated and measured results. e antenna patterns were measured in an anechoic chamber. Figures 12(a) and 12(b) show the simulated and measured radiation patterns in the X-Z plane and Y-Z plane at the operating frequencies of 1.8 GHz, 2.45 GHz, 3.24 GHz, and 4.04 GHz, respectively. e radiation patterns of the proposed antenna are omnidirectional at all operating frequencies as illustrated in Figure 12 . It can be noticed that the magnitudes of cross-polarization in X-Z and Y-Z planes are below − 18 dB. Also, the peak gains of the antenna are exhibited at 0 and 180 degrees at the frequencies of 1.8 GHz, 2.45 GHz, and 3.24 GHz. However, at 4.04 GHz, the peak gains of the antenna exist at 15 and 165 degrees due to the antenna operating at the third radiating mode.
Conclusions
A triple-band enhancement based on multimode analytics with strip and Koch fractal ring resonator has been proposed and compared with other antennas as shown in Table 2 . e impedance bandwidth and dimension can be improved by the electromagnetic coupling e ect among the rhombic ring radiator with strip and the Koch fractal ring resonator to cover the three operation frequency bands for applications in LTE 1800 (Long Term Evolution) 1.71-1.88 GHz, WLAN IEEE802.11b/g (Wireless Local Area Network) 2.4-2.484 GHz, WiMAX (Worldwide Interoperability for Microwave Access) 3.3-3.8 GHz, and IMT Advanced Systems (5G) 3.4-4.2 GHz. e investigation revealed that the rst band is produced by the rst mode of the rhombic ring International Journal of Antennas and Propagation radiator and the second band is generated by the second mode of the Koch fractal ring resonator, while the third band is created by the rst mode of the strip together with the third mode of the rhombic ring radiator. Furthermore, the average gains of the proposed antenna are approximately 2 dBi at the rst band and 2.5 dBi at the second and third bands. It has been shown that the radiation patterns are quasi-omnidirectional at all operating frequency bands, while a low cross-polarization is obtained.
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